A competitive enzyme-linked immunosorbent assay (cELISA), using two monoclonal antibodies (MAbs), was developed and compared with the standard virus neutralization test (VNT) for detecting antibodies against canine distemper virus (CDV) and phocine distemper virus (PDV) in sera from dogs and various species of marine mammals. The test depends on the blocking of MAb binding to solid-phase antigen in the presence of positive serum. Test conditions were optimized by using control VNT-negative and -positive sera specific for CDV and PDV. A positive cutoff value of 30% inhibition, which represents the mean cutoff of a VNT-negative population (n ‫؍‬ 623) plus 2 standard deviations, was adopted for the test. A total of 736 serum samples were tested by the new cELISA and by the VNT as the "gold standard." An unexpected but useful finding was the ability of this CDV-and PDV-specific cELISA to also detect antibodies against the related pair dolphin morbillivirus and porpoise morbillivirus. Based on a subpopulation of 625 sera used in statistical analyses, the overall sensitivity and specificity of cELISA relative to those of the VNT were 94.9 and 97.7%, respectively. Because the cELISA proved to be nearly as sensitive and specific as the VNT while being simpler and more rapid, it would be an adequate screening test for suspect CDV or PDV cases and would also be useful for epidemiological surveillance of morbilliviral infections in marine mammal populations.
The last 13 years have witnessed the emergence of newly recognized members of the Morbillivirus genus as significant causes of disease and mortality in marine mammals belonging in the Cetacea and Pinnipedia orders. Four morbilliviruses are now known to infect various species of marine mammals: canine distemper virus (CDV) in seals (10) and polar bears (8, 9) , phocine distemper virus (PDV) in seals (18) , dolphin morbillivirus (DMV) in dolphins and whales, and porpoise morbillivirus (PMV) in porpoises (13) .
In 1987 to 1988, more than half of the population of bottlenose dolphins (Tursiops truncatus) along the Atlantic coast of the United States was estimated to have died during the first recognized marine morbilliviral epizootic (15) . In 1987, CDV killed thousands of Siberian seals (Phoca sibirica) in Lake Baikal, Russia (10, 26) . The most devastating recent morbilliviral mass mortality event occurred in 1988, when a PDV epizootic killed approximately 17,000 harbor seals (Phoca vitulina) in the North Sea (17, 18) . Around the same time, an outbreak of PMV killed small numbers of harbor porpoises (Phocoena phocoena) in northwestern Europe (13, 27) . Later, in 1990 to 1991, a DMV epizootic killed thousands of striped dolphins (Stenella coeruleoalba) in the western Mediterranean (1, 2, 27) . In 1993 to 1994, another DMV epizootic occurred in bottlenose dolphins in the Gulf of Mexico (14) . More recently, morbilliviral infection has been reported in cetaceans in the Pacific (19) and an apparently new member of the morbillivirus group in a long-finned pilot whale (Globicephalus melas) of the U.S. Atlantic coast has been described (23) .
Because morbillivirus infections are now common in cetacean and pinniped populations, serological testing of marine mammals is often required prior to relocation or release into the wild following poststranding rehabilitation. The microplate virus neutralization test (VNT) has been extensively used for this purpose as well as for epidemiological studies (4-9, 12, 20, 25, 27) . The VNT is both highly sensitive and highly specific; however, its use is limited to laboratories that have the necessary cell culture facilities and the appropriate live virus stocks. Furthermore, the VNT is expensive and time-consuming because of the requirement for an incubation period of at least 4 days. These limitations notwithstanding, the VNT has remained the most reliable test for marine mammal morbilliviruses because other commonly used serologic tests such as fluorescent-antibody and indirect enzyme-linked immunosorbent assay (ELISA) require specific antispecies conjugates that are not currently available. This study describes the development of a monoclonal antibody (MAb)-based competitive ELISA (cELISA) for serologic testing of sera from various species of marine mammals. The main advantage of the cELISA over those of conventional serologic assays is that a single anti-mouse immunoglobulin conjugate can be used on serum from any animal species. Additional advantages include a shorter turnaround time and lower expense.
MATERIALS AND METHODS
Viruses. The four morbilliviruses that are established causes of disease in marine mammals were used. The viruses included the Rockborn strain of CDV, PDV strain 1-2-6A, and the Belfast strains of DMV and PMV. These viruses were used for preparation of ELISA antigen and as indicator viruses in the VNT.
Serum samples. A total of 736 serum samples, including samples from various marine mammals belonging to five different orders or families, were used in this study. These samples were received in the diagnostic laboratory from various sources for morbillivirus serological testing. The morbillivirus antibody status of each sample was determined using the VNT, with the four viruses as indicators. Table 1 presents the animal origins and VNT antibody statuses of the serum samples. Following the VNT, all samples were frozen at Ϫ70°C until they were tested by cELISA.
Preparation of morbillivirus ELISA antigen. Viruses were grown in African green monkey kidney (Vero) cells using the alpha modification of Eagle's minimum essential medium supplemented with Earle's salts, L-glutamine, 10% fetal bovine serum (FBS), and antibiotics (100 U of penicillin and 100 g of streptomycin per ml). The cells, seeded into 150-cm 2 cell culture flasks, were infected in suspension at a multiplicity of infection of about 0.01 50% tissue culture infective dose per cell and allowed to form monolayers at 37°C in 5% CO 2 . When virus-specific cytopathic effects (CPE) were observed on 80% or more of the monolayer, cells were scraped into the medium, sonicated, and clarified by low-speed centrifugation and virus was concentrated from the supernatant by centrifuging it at 125,000 ϫ g for 1 h. Viral particles were then purified by gradient centrifugation as previously described for other morbilliviruses (22) . Briefly, concentrated virus was layered onto a 20 to 60% step sucrose gradient and centrifuged at 125,000 ϫ g for 1 h at 4°C. The virus band at the interface of the two sucrose layers was removed, pelleted at 125,000 ϫ g for 1 h at 4°C, and layered onto a continuous 15 to 40% potassium tartrate gradient. After being centrifuged for 4 h at 4°C, the virus band was collected, diluted 1:15 in sterile phosphate-buffered saline (PBS), and centrifuged at 125,000 ϫ g for 1 h. The resulting pellet was resuspended in sterile PBS by sonication and used as the antigen for ELISA and for MAb production.
MAbs. Gradient purified whole viral antigens of CDV, DMV, PDV, and PMV antigens were submitted to the Hybridoma Center, Oklahoma State University, for MAb production on a contract basis. The resulting four panels of MAbs were screened in our laboratory for their reactivities against all four viruses by ELISA and VNT (see below). Indirect ELISA was used to determine their specificities, while cELISA was used to measure the ability of selected MAbs to compete with specific antisera for binding to solid-phase-gradient-purified whole viral antigen. Two CDV-induced MAbs, designated 1-1E12 and 2-5F8, were selected for development of a diagnostic cELISA for CDV and PDV on the basis of their strong indirect ELISA signals and their ability to compete with specific anti-CDV and anti-PDV sera for binding to CDV antigen. The MAb 1-1E12 was specific for CDV, while the MAb 2-5F8 reacted with both CDV and PDV by ELISA, but none of them neutralized either virus. For simplicity and didactic reasons, these MAbs will be referred to in the rest of this paper as MAb1 (1-1E12) and MAb2 (2-5F8).
VNT. The morbilliviruses are antigenically so closely related that they crossneutralize one another. However, serum raised against one morbillivirus will neutralize the homologous virus at a higher titer than it will other (heterologous) morbilliviruses (24) . The VNT was therefore used in this study as the "gold standard" to determine the antibody specificities of diagnostic serum samples. The test was performed by following a modification of the microtiter method (21) . Briefly, serial twofold dilutions of heat-inactivated sera were made in eight columns of 96-well plates using Eagle's minimum essential medium, starting at a 1:2 dilution. Equal volumes (25 l) of the viruses containing about 100 50% tissue culture infective doses were added to duplicate columns. The virus-serum mixtures were incubated at 37°C for 1 h in 5% CO 2 , and a Vero cell suspension (150 l containing 10 4 cells/well) was added. The plates were incubated at 37°C in 5% CO 2 for 4 days. The test was read by examining cell monolayers under an inverted microscope for virus-specific CPE. Antibody titers were expressed as the reciprocals of the highest dilutions of sera that completely neutralized CPE in duplicate wells. All samples with a titer of 8 or greater were considered positive for morbillivirus antibody. For positive serum samples, the homologous virus was considered to be the one against which the serum had the highest titer ( Table 2) .
Indirect ELISA. Indirect ELISA was used to determine MAb reactivity against the four viruses. The test was performed using a modification of established procedures (7) as previously described for another morbillivirus (22) . Volumes of 100 l/well were used unless stated otherwise. Briefly, Immulon-2 flat-bottom 96-well plates (Dynex, Alexandria, Va.) were coated with gradient-purified whole CDV at 100 l/well containing 1 g of total protein per ml in carbonatebicarbonate buffer (pH 9.6) and incubated overnight at 4°C. This antigen concentration (1 or 0.1 g/well) was selected based on previous experience with another morbillivirus (22) . The following day, the plates were washed four times with PBS containing 0.05% Tween 20 (PBST) and incubated for 1 h at 37°C with MAb diluted in PBST containing 10% FBS (PBST-FBS). The plates were washed again and incubated for 1 h at 37°C with peroxidase-labeled anti-mouse immunoglobulin G (whole molecule) (Sigma Chemical Co., St. Louis, Mo.) diluted 1:1,000 in PBST-FBS. Following another wash step, the plates were reacted with a substrate-chromogen mixture consisting of 0.01% hydrogen peroxide and 0.1 mg of 3,3Ј,5,5Ј-tetramethylbenzidine (Sigma Chemical Co.) per ml in 0.05 M citrate-phosphate buffer (pH 5.0). After the plates were incubated at room temperature for 20 min on a plate shaker, color development was stopped by adding 25 l of 2 M sulfuric acid per well. Optical density (OD) readings were taken at a wavelength of 450 nm, using a computer-interfaced ELISA plate reader.
cELISA. The cELISA depends upon the ability of serum antibody to compete with a MAb for binding to antigen. Competition is detected as a reduction in the OD reading of serum-MAb wells when compared to the OD of a control well with MAb alone. The gradient-purified whole CDV antigen, against which the MAbs were raised, was used as the cELISA antigen at the previously determined concentration of 0.1 g/well. Antigen-coated Immulon-2 96-well flat-bottom plates (Dynex Laboratories) were incubated with 50 l of serum per well diluted in PBST for 30 min at 37°C. An equal volume (50 l/well) of MAb diluted in PBST was then added to plates without their being washed. Controls consisting of three wells without MAb or serum and three wells with MAb alone were included on each plate. The serum-MAb mixtures were allowed to react with the antigen for 1 h. The rest of the procedure was carried out exactly as described for the indirect ELISA above. The OD values were used to calculate the percent inhibition induced by each serum, using the formula percent inhibition ϭ [1 Ϫ (OD Ser /OD MAb )] ϫ 100, where OD Ser is the mean OD of wells with serum and MAb and OD MAb is the mean OD of wells with MAb alone. The percent inhibition values from a VNT-negative population (n ϭ 623) were used to establish a negative cutoff value by adding 2 standard deviations to the mean percent inhibition (Fig. 1) .
Determination of optimal MAb and serum dilutions. Three serum samples (two positive samples and one negative sample) were selected on the basis of their reactivities in the VNT for use in the establishment of cELISA parameters. Those sera were as follows: one polar bear sample with VN titers of 64, 12, 8, and 8 against CDV, PDV, DMV, and PMV, respectively (positive serum 1); one harbor seal serum sample with VN titers of 16, 64, 8, and 8 against the same viruses, respectively (positive serum 2); and one seal serum sample with a VN titer of Ͻ8 against all four viruses (negative serum). The cELISA using MAb1 was optimized with positive serum 1, while the test using MAb2 was optimized with positive serum 2; the same negative serum was used for optimization of both assays. It has previously been determined for another morbillivirus cELISA that (22) . Therefore, for establishment of the optimal MAb dilution, the sera were tested at a fixed dilution of 1:10 against serial twofold dilutions of MAbs (Fig. 2) . Similarly, the optimal serum dilution was determined by testing serial twofold dilutions of the sera against the optimal MAb dilution (Fig. 3) . The cELISA percent inhibition values thus generated were plotted against the MAb dilution (Fig. 2 ) or serum dilution (Fig. 3) . The optimal dilution for each reagent was determined to be the highest dilution that yielded the maximum percent inhibition differential between positive and negative sera.
Comparison of VNT and cELISA for titration of sera. The 736 serum samples used in this study were tested for morbillivirus antibody using the VNT and the two newly developed cELISAs. Results of both the VNT and cELISA were expressed as positive or negative for each sample to allow a qualitative comparison of the results (Table 2) .
Statistical analysis. Using the VNT as the gold standard, the sensitivity and specificity and the exact binomial confidence intervals for these estimated parameters were calculated for each cELISA (11) . Agreement between VNT and cELISA beyond chance was estimated by calculating the agreement quotient (kappa) (16 For evaluations of cELISA, sera that had positive but undetermined antibody specificity for VNT (n ϭ 8) were excluded. Sera that had unknown family or species identification (n ϭ 64) were also excluded. Other deletions included 36 sera from sea otters (Mustelidae), which had no VNT or cELISA positive results, and 3 sera that had unusual VNT-positive results that were not considered to be representative of marine mammals (2 serum samples that were positive for both DMV and PDV and 1 serum sample from a whale that was positive for PDV).
After these exclusions were made, 625 serum samples from 109 Canidae, 117 Cetacea, and 399 Pinnipeda were used to evaluate cELISA performance (Table 3) .
RESULTS

Optimal dilutions of MAb and serum.
The main objective of this study was to develop cELISAs that could detect and differentiate between CDV and PDV antibodies in serum. The ability of MAbs to compete with serum antibody depends not only on the specificities of their binding to antigen but also on the relative amounts of these reagents in the reaction mix. It was thus important to titrate both of these critical reagents to determine the combination that yielded the best discrimination between positive and negative control sera. The optimal dilution of both MAbs was 1:500 (Fig. 2) , while the preferred serum dilution was 1:10 ( Fig. 3) . This dilution was chosen for serum over apparently better-performing lower dilutions (Fig.  3) because marine mammal serum is often a limiting factor with regard to quantity received in the diagnostic laboratory.
Determination of the negative cutoff value. The negative cutoff value was arbitrarily set by adding 2 standard deviations to the mean percent inhibition yielded by 623 sera determined to be negative for morbillivirus antibody by VNT. Using these values (37 and 30%, respectively, for MAb1 and -2), there was very good discrimination between negative sera and a population of sera positive for CDV or PDV (Fig. 1) . The initial expectation was that sera positive for DMV or PMV would not react in any of the cELISAs since none of the two MAbs reacted specifically with either DMV or PMV. Surprisingly, (Table 2) . Overall, the MAb1 and MAb2 cELISAs exceeded 92% sensitivity and 97% specificity. The high overall sensitivity and specificity indicated that these cutoff values were valid.
Comparison of the cELISA and VNT. The criterion for designation of a homologous virus was set such that a serum sample had to yield a titer of antibody to a single virus at least twofold higher than the titers induced by the other morbilliviruses before that virus would be determined to have induced the antibody in the serum. Based on this criterion, of the 118 sera that had a positive antibody titer, the homologous virus could be determined in 48% (57 of 118). Of the remainder, 28% (33 of 118) were CDV or PDV positive, 5% (6 of 118) were DMV or PDV positive, 0.85% (1 of 118) were DMV or PDV positive, and 6.8% (8 of 118) were of undetermined antibody status (Table 2 ). In recognition of this apparent failing of the gold standard to be more definitive, all data analyses of positive samples used the CDV-PDV and DMV-PMV pairs rather than the individual viruses.
Overall, the MAb1 cELISA was slightly less sensitive than the MAb2 cELISA (92.8 versus 94.9%), although this difference was not statistically significant. When used on CDV-PDV or DMV-PMV sera, the MAb2 cELISA was more sensitive than the MAb1 cELISA (98.8 or 69.2% versus 97.6 or 61.5%). However, the MAb1 cELISA was only slightly more specific than the MAb2 assay (97.9 versus 97.7%). None of these differences, however, between the MAb1 and MAb2 cELISAs was statistically significant. All of the values for kappa showed high agreement beyond chance (0.57 to 0.96) between VNT and corresponding cELISA results (P Ͻ 0.01). These results provided evidence that the cELISAs were valid tests.
Evaluation of the cELISAs according to animal groups produced expected results. The greatest sensitivity (100%) occurred with sera from the Canidae family. Samples from Pinnipeda provided the greatest specificity (99%). These two families involved the combination of CDV-PDV pairs from VNT. Both the sensitivity and specificity for these two families combined exceeded 98%. The results previously stated for the DMV-PVM pairs were entirely from Cetacea. The sensitivity was significantly lower for sera from this family (69.2% for MAb2) than for samples from Canidae or Pinnipeda based on an evaluation of 95% confidence intervals. The specificity (95.2% for both MAb1 and MAb2) was intermediate between the corresponding specificities for Canidae (91.4% for MAb2) and Pinnipeda (99.0% for both Mab1 and Mab2). All of the 95% confidence intervals for specificity overlapped among the different animal group or virus pair comparisons, which indicated no significant difference among these specificity estimates.
DISCUSSION
Morbillivirus infections currently occur in marine mammals in the Pacific and Atlantic oceans and the Mediterranean, Caspean, and North seas (23) . Serology is a major epidemiological tool used to detect the occurrence of morbillivirus infections in marine mammal populations where clinical disease has not been observed. For example, serological evidence indicates that morbillivirus infections occur in polar bears, although clinical morbillivirus disease has not yet been described (8, 9) . The availability of a simple, fast, reliable, and inexpensive test would provide a tool that can be readily used by various laboratories for diagnostic and epidemiological purposes. The cELISA described herein fits that role.
The initial goal of this study was to develop two cELISAs that could detect and differentiate between antibodies induced FIG. 3 . Determination of an optimal dilution of serum. Serial twofold dilutions of negative and positive control sera were reacted with the optimal MAb dilution (1:500) in a cELISA. To minimize the volume of serum required, a serum dilution of 1:10 was chosen as the preferred dilution over lower dilutions that performed only slightly better. by CDV and PDV. This was a reasonable expectation because MAb1 was CDV specific while MAb2 reacted with CDV and PDV; both MAbs did not react with DMV and PMV by indirect ELISA. It was therefore surprising to observe that MAb1 competed against PDV-specific sera and that both MAbs competed against DMV-and PMV-specific sera for binding to solid-phase CDV antigen. A possible explanation for this cross-reactivity is that steric hindrance caused by cross-reactive serum antibody binding to epitopes close to the specific epitope recognized by the MAbs prevented them from binding. Although this outcome was not expected at the beginning, it was useful because a single MAb-based cELISA could be used to detect antibody against the four morbilliviruses.
Comparison of each cELISA with VNT for detection of CDV-PDV antibody yielded relative sensitivities and specificities of 97.6% or greater. It was observed that sample quality had an adverse effect on test results (data not shown). For example, 11 of the 13 samples that yielded false-positive results on MAb2 cELISA were of very poor quality: they were cloudy (indicating apparent microbial contamination), hemolyzed, or rich in fat. The relative sensitivity of the MAb2 cELISA for detection of DMV-PMV antibody was 69.2%. While this is a relatively low value, it is nevertheless significant for a test based on nonspecific cross-reactive binding. The MAb2 cELISA is thus be useful for quick screening of sera for all morbilliviruses. If CDV and PDV are suspect viruses, testing could end with the cELISA. If DMV or PMV is suspected under low-prevalence situations (Ͻ20%), the cELISA would still provide a negative predictive value of Ն93% as a screening test. The VNT could be performed on the positive sera if improvement in positive predictive value was needed, especially for lower-prevalence situations or in order to confirm diagnosis related to DMV or PMV.
The data from this study have confirmed previous observations by us (unpublished) and others (8) that the VNT is not always able to differentiate among antibodies from the various morbilliviruses, especially the closely related CDV-PDV and DMV-PMV pairs. From the diagnostic standpoint, we propose to use the designations pinniped virus and cetacean virus to encompass the CDV-PDV and DMV-PMV pairs, respectively. For epidemiology purposes, serology might still be used to identify the exact virus involved in a given population if mean population antibody titers against the four viruses are compared (8) . In that case, the virus that yields the highest mean titer from the population of samples tested would be considered the homologous virus.
